To understand the synthesis mechanism of Ti 3 SiC 2 through pulse discharge sintering Ti/Si/TiC mixed powders, the shrinkage displacement curves were studied during sintering process. Liquid reaction above Ti-Ti 5 Si 3 eutectic temperature was revealed. The Ti-Si liquid reaction was found not only to have assisted the Ti 3 SiC 2 phase formation but also accelerated its densification. Ti 8 C 5 was found to be the intermediate phase during this liquid reaction stage.
Introduction
Recently, ternary carbide Ti 3 SiC 2 was found to be a novel material which possesses many best attributes of both metals and ceramics. [1] [2] [3] [4] [5] Like a metal, Ti 3 SiC 2 shows good thermal and electrical conductivity, good machinability and good resistance to thermal and mechanical shock. Like a ceramic, it retains good mechanical properties at elevated temperature, and possesses good oxidation resistance at high temperature. 6) In our previous work, high-purity Ti 3 SiC 2 bulk material was synthesized from Ti, Si, and TiC powders with the molar ratios of 2 : 2 : 3 using pulse discharge sintering (PDS) process at 1300 C for about 15 min. [7] [8] [9] [10] [11] [12] But the reason why single-phase, fully-dense Ti 3 SiC 2 could be synthesized in such a short time is not completely elucidated yet. There are two eutectic reactions in the Ti-Si binary system for the Si-TiSi 2 and Ti-Ti 5 Si 3 compositions both at the temperature of 1330 C, and it was presumed that there are liquid reactions during sintering Ti/Si/TiC powders in our previous works, 7, 10) but no direct evidence was observed. Because the Ti 3 SiC 2 phase formed in a broad temperature range above 1000 C during the reactive sintering process from Ti/Si/TiC mixed powders by PDS process, as one possibility Ti 3 SiC 2 can form directly through Ti-Si intermediate phases without passing through the Ti-Si liquid phase. Liquid reaction was purposely induced by either adding 4%NaF 13) to Ti/Si/C powders, or a fluctuation procedure 14) for Ti 3 SiC 2 powder synthesis, or heating the Ti/Si/C mixture powder up to 1450 C in order to obtain liquid Si 15) for bulk Ti 3 SiC 2 synthesis. However, direct evidence of liquid formation was not clear and we wonder how the possible liquid phase formation of Ti-Si eutectics in the Ti/Si/C system could be excluded, since the eutectic temperatures are lower than the melting point of Si. This ambiguity of the liquid formation in the literature is partly due to the difficulty in directly detecting the liquid phase at high temperature. In this work we use another way to study the liquid reaction during pulse discharge sintering Ti/Si/TiC powders. Namely, we studied the sintering process by recording shrinkage displacement curve to analyze reaction mechanism in order to understand the role of liquid reaction.
Experimental Procedure
Ti (À150 mm, 99.9%), Si(À10 mm, 99.9%), and TiC (2-5 mm, 99%) powders were used as starting materials. The powders were mixed in molar ratio of Ti : Si : TiC ¼ 2 : 2 : 3, which is slightly off-stochiometric. This starting composition was approved to be the best for single-phase Ti 3 SiC 2 synthesis according to our previous work. [7] [8] [9] [10] [11] [12] These powders were mixed in a Turbula shaker mixer in Ar atmosphere for 24 hours. The mixed powder was sintered in a graphite mold in vacuum with pulse discharge sintering (PDS) technique. The heating rate was 50 C/min and the holding temperature was in the range of 1200-1500 C for 0-120 min under an axial pressure of 50 MPa. Sintering temperature, axial pressure as well as the ram displacement were recorded to monitor the shrinkage of the powder compact during sintering process.
In order to study the possible liquid reactions occurred during the sintering processes, we recorded and analyzed the shrinkage displacement curve. This PDS system has a characteristic that it could cool the sample down immediately at a rate of $300 C/min. This high cooling rate was resulted from the water-cooling of the copper electrodes which also serve as upper and lower rams pressing the dies set for sintering. The high cooling rate enabled the ''freezing'' of the intermediate phases during the sintering process. This was used to understand the reaction mechanism during sintering process. Samples of the powder mixture were heated to various intermediate temperatures under the same heating and loading procedures as in the aforementioned experiments, and the sintering process was immediately terminated when the programmed temperature was reached. The programmed temperature corresponded to some interesting temperature, such as the abrupt change on shrinkage curve.
The sintered samples were ground to remove the graphite affected layer and analyzed by X-ray diffractometry (XRD) for phase identification. The samples were also fractured and the fracture surfaces were observed and analyzed by using scanning electron microscopy (SEM) equipped with an energy-dispersive spectroscopy (EDS) system.
Results and Discussion
Figure 1(a) shows the experimental record of the sintering temperature, shrinkage displacement as well as the applied axial pressure during the 1450 C sintering process. As a comparison, shrinkage displacement curves of samples during 1400 and 1500 C sintering were also shown in this figure. With an increase in sintering temperature, an obvious inflexion in the displacement curve marked by an arrow at about 1240-1340 C was observed, and it shows good reproducibility by observing the curves recorded at different sintering temperatures, as represented by three shrinkage curves in the figure. In order to understand the inflexion, a series of samples were heated to 1200, 1260, 1280, 1300, 1340 and 1360 C, respectively, and cooled down immediately when the respective target temperature was reached. Here, 1200 C corresponds to the temperature lower than that of abrupt shrinkage, temperatures in the range of 1260-1340 C correspond to the temperature in abrupt shrinkage, whereas 1360 C corresponds to the temperature higher than this inflexion. Figure 1(b) as an inset showed these points marked by circles, which is the enlarged part of abrupt shrinkage curve but its x-axis is redefined as sintering temperature. Figure 2 shows the X-ray diffraction (XRD) patterns of these samples. For the sample heated to 1200 C, it can be seen that except for un-reacted Ti and TiC phases, Ti 3 SiC 2 phase has been formed and Ti 5 Si 3 and TiSi 2 peaks also can be observed as intermediate phases. With increasing temperature, the peaks of TiSi 2 disappeared, and new phase of Ti 8 C 5 appeared. Figure 3 shows the dependence of relative intensity for main peaks of various phases for those samples heated to 1200-1360 C. The highest diffraction peak is defined as 100, and I m was the ratio of integrated intensity for main peaks of various phases to that of the main phase. Ti 8 C 5 as an intermediate phase appeared firstly at the beginning point of shrinkage curve, and its content increased with shrinkage curvature. It almost disappeared at the end of the inflexion. It is noticed that the Ti 8 C 5 phase rapidly formed only at this stage, not appeared at other sintering stages either higher or lower than this temperature range. One reasonable explanation is the formation of liquid Ti due to Ti-Si liquid reaction. Upon heating, solid solution firstly formed at particle interfaces as Si diffuses into Ti at lower temperature. eutectic range. Depending on the composition of Si-Ti zone, the possible reaction is
Where the subscripts of (ss), (L), (S) stand for solid solution, liquid phase and solid phase respectively. The liquid Ti not only led to the rapid formation of Ti 8 C 5 phase in a short time by reacting with un-reacted TiC, but also reacts with unreacted Si by forming Ti 5 Si 3 , depending on the chemistry fluctuation at the solid-liquid interfaces:
By analyzing the variation of the slope of the shrinkage displacement curve, we found the curve can be divided into four stages before and after abrupt shrinkage, as shown in Fig. 1(b) . Stage K 1 is controlled by diffusion before abrupt shrinkage; stage K 2 corresponds to the liquid phase formation which caused the abrupt shrinkage due to the infiltration of liquid phase into the gaps of un-reacted powder particles; stage K 3 corresponds to the complex effect of reaction shrinkage and thermal dilation that is caused by intermediate phase (i.e. Ti 8 C 5 , Ti 5 Si 3 ) formation. Ti 5 Si 3 formation was reported to be exothermal with a formation energy of 579 kJ/mol. 16) After this exothermal reaction, the materials will experience a contraction that resulted in the decrease in the slope in stage K 4 , which finally resumed the diffusion controlled shrinkage displacement.
As other direct evidence of liquid reaction, remained morphology micrographs of liquid reaction can be observed on the fracture surface. Figure 4 shows the fracture morphology of the sample which was heated to 1280 C and cooled down immediately. The isolated particles are integrated by the liquid phase. Moreover, the smooth shape of solidified liquid phase can be observed obviously. One reason for liquid phase forming in the temperature below 1330 C is that the plasma possibly occurred between the neighboring powder particles, giving rise to local increase in temperature.
Another reason is that the sample temperature in mold is higher than the value detected by an infrared camera, since the infrared camera monitored the hole bored on the surface of graphite mold. The calibrated temperature by thermocouple showed that the temperature inside the mold is about 30-50 C higher than that measured by infrared camera. It is not unreasonable to believe that the rapid formation of Ti 8 C 5 is associated with the liquid reaction, and the rapid disappearance indicated that it is only an intermediate product. Referring to Fig. 2 , the results also indicated rapid synthesis of Ti 3 SiC 2 in a short time. In the time span of 2 min when the sample was heated from 1260 to 1360 C, a prominent increase in the relative intensity of Ti 3 SiC 2 has been observed. Corresponding to the rapid formation of Ti 3 SiC 2 with the appearance of Ti 8 C 5 , the Ti 8 C 5 should participate in reaction of Ti 3 SiC 2 synthesis and promoted the formation of Ti 3 SiC 2 . It is possible that Ti 8 C 5 phase can participate in the reaction of Ti 3 SiC 2 formation as follows:
This equation is likely to leave an impression that the amount of Ti 8 C 5 would decrease with the increase in the amount of Ti 3 SiC 2 , since Ti 3 SiC 2 formed on the consumption of Ti 8 C 5 . However the Ti 8 C 5 is an intermediate phase. In fact, the formation of Ti 8 C 5 prompted the formation of Ti 3 SiC 2 , therefore the content of Ti 8 C 5 and Ti 3 SiC 2 both increased at the early stage of liquid reaction, as shown by the results of 1260-1280 C in Fig. 3 . With the progress of the reaction process, the formation of intermediate phase Ti 8 C 5 is saturated or limited by the depletion of the starting reactants, further reaction as described in eq. (5) will continuously consume Ti 8 C 5 to form Ti 3 SiC 2 . As a result, the content of Ti 8 C 5 begins to decrease with increasing sintering temperature whereas the content of Ti 3 SiC 2 continues to increase till the completion of the synthesis process. Figure 5 shows the comparison of two XRD patterns of the samples sintered at 1300 C for 120 min. and 1350 C for 20 min, respectively. It is evident in the figure that when the Liquid Reaction during Synthesis of Ti 3 SiC 2 through Pulse Discharge Sintering Ti/Si/TiC Mixed Powderssintering temperature was set to lower than the Ti-Si eutectic temperature of 1330 C, single phase Ti 3 SiC 2 was not available even after long time holding at this temperature. In contrast, when the system was sintered at temperatures higher than eutectic, single phase Ti 3 SiC 2 was obtained after short time holding. This is the evidence showing the vital effect of liquid reaction in the synthesis of single phase Ti 3 SiC 2 .
The other function of liquid reaction can promote the densification of sintered samples, that is, liquid phase will be filled into gaps in the powder under the applied pressure. Effect of liquid reaction on the densities of sintered samples can be found in Table 1 , which shows the variation of the measured density ( M ) and relative density ( M = T ) of the samples sintered at different temperatures and holding times. The theoretical density ( T ) of Ti 3 SiC 2 is equal to 4.52 g/cm 3 . It indicated that the density of sample sintered at 1350 C for 1 min is not only better than that of sample sintered at 1200 C for 20 min, but also exceed the sample sintered at 1300 C for 120 min.
Conclusion
By studying the shrinkage displacement curve through pulse discharge sintering Ti/Si/TiC mixed powders, liquid reaction above Ti-Ti 5 Si 3 eutectic temperature was revealed and this reaction corresponded to the abrupt shrinkage in the displacement curve. Ti 8 C 5 was found to be the intermediate phase during this liquid reaction stage. This liquid reaction not only greatly assisted the reaction by the immersion of the un-reacted powder particles into the liquid phase but also accelerated densification by the infiltration of liquid phase into the gaps in powder particles under the applied pressure. 
